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ABSTRACT. Resistivity (DC) method using vertical electrical soundings (Schlumberger array) are conducted in the vicinity of Canoas/RS, applied to environmental
studies with the objective of investigating groundwater conditions. The present paper shows a geoelectrical identification of the lithology and an estimate of the relationship
between the resistivity and Dar Zarrouk parameters (transverse unit resistance and longitudinal unit conductance) with the properties such as aquifer transmissivity and
protection of ground water resources. In the saturated sediments, resistivity values defined the following sequence: c/ay /ayers (resistivity < 40 ohm-m) and sand /ayers
(resistivity > 40 ohm-m). Two sand layers were identified; one corresponding to the unconfined aquifer and another to the confined aquifer between two clay layers. In
the map of the transverse unit resistance of the unconfined aquifer, the tendencies of high values can be associated with the zones of high transmissivity; hence, these
zones are suggested for the installation of monitoring wells. The map of longitudinal conductance illustrates the impermeability of the confining clay layer. Values of
S > 1.0 siemens would indicate zones in which the confined aquifer would be protected; in comparison, values of S < 1.0 siemens would indicate zones of probable
risks of contamination.

Keywords: Resistivity, Dar Zarrouk Parameters, Aquifer Protection.

RESUMO. Ensaios pelo método da eletrorresistividade, técnica de campo da sondagem elétrica vertical (Schlumberger array) foram executados no municipio de
Canoas/RS. Esses ensaios tiveram como objetivo principal obter um diagndstico do lengol freatico em areas de Refinaria— REFAP/PETROBRAS. Este trabalho apresenta
uma identificacdo geoelétrica da litologia e uma estimativa da relagao entre a resistividade e pardmetros de Dar Zarrouk (resisténcia transversal unitdria e condutancia
longitudinal unitaria) com as propriedades transmissividade e protecdo frente a contaminantes dos aq(iiferos. Nos sedimentos saturados, os valores de resistividade
definiram a seguinte litologia: camadas argilosas (resistividade < 40 ohm-m) e camadas arenosas (resistividade > 40 ohm-m). Foram identificadas duas camadas
arenosas; uma correspondendo ao aq(iifero livre e outra ao confinado, limitado entre duas camadas de argila. No mapa da resisténcia transversal do agifero livre, as
tendéncias de valores altos foram associadas com as zonas de transmissividades altas; as quais sao sugeridas para a instalacdo pogos de monitoramento. O mapa de
condutancia longitudinal ilustra a impermeabilidade da camada argilosa sobreposta ao aqiiifero confinado. Valores de S > 1, 0 siemens indicariam zonas nas quais
esse aqiifero estaria mais protegido frente a contaminantes; em compensagao, valores de S < 1, 0 siemens indicariam zonas de riscos provaveis de contaminagao.

Palavras-chave: Resistividade, Pardmetros de Dar Zarrouk, Protecdo de Aqiferos.
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INTRODUCTION

This paper describes the results obtained with DC resistivity
method using vertical electrical soundings (Schlumberger array),
applied to environmental studies related to groundwater. The
study was conducted in the Alberto Pasqualini Refinery — REFAP,
Petrdleo Brasileiro S.A. — PETROBRAS. The refinery is located in
the vicinity of Canoas, State of Rio Grande do Sul (Fig. 1), and it
occupies an area of 5,448,437 m?. The Sapucaia River at north,
which belongs to the hydrographic basin of Sinos river, limits RE-
FAP. The Sinos River is an important source of water supply of
Porto Alegre Metropolitan Area (Pedrozo, 1995).

The geophysical surveys were conducted by the Department
of Applied Geology of the Sdo Paulo State University — UNESP,
Rio Claro, and their main objectives were: (1) to characterize the
groundwater, identifying eventual contamination plumes of hydro-
carbon (Sauck, 2000; Goes & Meekes, 2004); and, (2) to help in
the characterization of the lithology, helping the hydrogeology stu-
dies in the area with the objective of characterizing the information
about the water table and the different lithologies presented; eva-
luating the potential places of contamination of the underground
water (Cummings, 1990); and proposing a program for the pro-
tection and conservation of the waters.

The technique of the vertical electrical soundings — Schlum-
berger array, consists of a quite fast and versatile procedure of
geophysical investigation. Its results are not highly affected by
the operational difficulties imposed in the industrial area of the
refinery; which makes the characterization of the local lithology
possible. Besides, it is a widely known technique to determine
the position of the water table (Braga et al., 1999; Orellana, 1972),
whose information is fundamental for the elaboration of the poten-
tiometric surface map.

Geology

According to CPRM (1997), the area of the city of Canoas is cha-
racterized by the existence of three different geological structu-
ral provinces, denominated Costeira (Cenozoic sediments), Pa-
rand (sediments, basaltic lavas, and diabase sills of the Mesozoic)
and Mantiqueira (Palaeozoic rocks), which present very different
lithostratigraphy, chronological and geomorphology characteris-
tics. The refinery is located in a zone near the contact between
the Costeira and Parand provinces. In the studied area Quaternary
sediments occur (alluviums) with maximum thickness of about
10 meters. Also Triassic sediments of Rosario do Sul Group, ap-
pear in the elevated parts of the area, which are represented by
Sanga do Cabral Formation, with medium thickness of 40 meters.

Sanga do Cabral Formation is the main geological unit on
which the refinery is located, being in part covered by the se-
diments of recent alluvium, and in part by materials of original
embankment of the construction of the refinery. It is composed
predominantly of fine to very fine, red sand, with grooved crossed
beddings of medium load sandstones. Thicker sandstones with
granules and pebbles can appear as well as siltstones and clays-
tone lenses. The depositional environment of that unit is fluvial,
fluvial-eolian or predominantly eolian. According to hydrogeolo-
gical data, this group of geological units characterizes an aquifer
system of local importance.

METHOD AND DATA ACQUISITION

Electrical resistivity method and vertical electrical
sounding (VES) technique

Resistivity (DC) measurements using the technique of the vertical
glectrical sounding (VES) — Schlumberger array were used in the
survey area. To cover in a uniform way the survey area, 120 (a
hundred and twenty) VES were conducted (Fig. 2). The Schium-
berger array was used with maximum current-electrode separati-
ons (AB) of 200 meters. The geophysical equipment used in the
field surveys consisted of the standard for Induced Polarization
and Resistivity Surveying — Terrameter SAS 4000/ABEM.

Parameters and functions of Dar Zarrouk (DZ)

In theories about stratified conductors, certain parameters are fun-
damentally important both in the interpretation and understan-
ding of the geoelectrical model consisting of stratified conduc-
tors. These parameters are related to different combinations of the
thickness and resistivity of each geoelectrical layer in the model
(Zohdy, 1974; Orellana, 1972).

For a sequence of » horizontal, homogeneous and isotropic
layers of resistivity p; and thickness ;, the DZ parameters (lon-
gitudinal conductance 8 and transverse resistance T) are defined
respectively:

n

Si=Y_ hi (siemens) 1)
i P
T; = pi-h; (ohmm?) )
i=1
RESULTS AND ANALYSIS

Geoelectrical model

The quantitative treatment of the vertical electrical soundings
provided geoelectrical information characterized by the values of
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Figure 1 — Location and geological maps of Rio Grande do Sul State (modified from CPRM — 1997).
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Figure 2 — Topographical map and location of the vertical electrical soundings and monitor wells.
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resistivity and thickness. These geoelectrical parameters defined
the geoelectrical model. The inversion of the field data was done
using the software RESIX-IP (2002) version 2.00, from Interpex
Limited-USA. The obtained error for the final fitting between field
data and model using RESIX-IP software (2002) was around 3
to 8%. In order to correlate the geophysical surveys with the
geology of the study area, geological data were collected from
the surface and sub-surface, and electric surveys of calibration
were developed near to the monitoring well (22 wells). The geo-
electrical model was determined as a function of the calibration
with the data from wells and the resistivity contrast between high
and low values.

This interpretation determined the depth to the water level, de-
fining: (1) unsaturated sediments, and (2) saturated sediments.
Resistivity values for the unsaturated sediments varied conside-
rably (7 to 1,439 ohm-m), which is typical for unsaturated se-
diments. Due to this variation in the resistivity values, it is not
possible to characterize the lithology in the unsaturated zone. For
the saturated sediments, the following sequence can be defined
for the locations studied: c/ay /ayers (resistivity < 40 ohm-m)
and sand /ayers (resistivity > 40 ohm-m). As a whole, two sand
layers were identified: one corresponding to the unconfined aqui-
fer and another to the confined aquifer, between two clay layers.
The Figure 3 shows the geoelectrical section.

Facies variations

The lithology of the study area and the geological data of the mo-
nitoring borehole define a stratigraphic sequence: sand layer-1
(unconfined aquifer); clay layer-1; sand layer-2 (confined aqui-
fer); and, clay layer-2.

Based on the calibration studies of the geoelectrical model
with the wells data, facies variations were identified in the sand and
clay layers. The Table 1 presents the geoelectrical model, correla-
ted with lithology in terms of prevalence of the material type. The
resistivity values between 20 and 60 ohm-m include clay-sand
and sand-clay variations.

Table 1 — Geoelectrical model.

Lithology Resistivity
(prevalence) (ohm-m)
Unsaturated sediments uncertain 7101,440
clay layers p <20

) clay-sand layers | 20 < p < 40

Saturated sediments sand-clay layers | 40 < p < 60
sand layers p > 60

The Figure 4 illustrates a field curve obtained using the VES
technique and the geoelectrical model that generates a best fit-
ting model curve, executed beside PM-01 well. It is observed, in
this illustration, that the correlation of the geophysical data with
the lithology, just happens in the saturated section, determined by
the water table. The geoelectrical classification of the material is
made in prevalence terms, where the geoelectrical layer, predo-
minantly sandy (210 ohm-m), includes sand-clay and the sand
layers.

The Figure 5 illustrates field curves of occurrence and non-
occurrence areas of the unconfined aquifer - sand layer-1.

First saturated geoelectrical layer

With the objective of identifying the lithology of the first satura-
ted geoelectrical layer, located below the water table, which could
indicate zones of the underground with larger or smaller capacity
of protection to contaminants, a resistivity map was elaborated.
This map refers to the geoelectrical level, whose top was determi-
ned by the position of the water table, separating the dry portion
of the saturated (Fig. 6).

The sand layer-1 (unconfined aquifer) presented larger thick-
ness in the north portion of the studied area, extending to the south
and to the portion west. In some isolated locals, the sand-1 le-
vel does not appear, presenting the clay-1 layer underneath the
unsaturated sediments.

In the resistivity map (Fig. 6) the values smaller than 40 ohm-
m are associated predominantly with clay sediments (clay-sand
and clay). The transition from clay to sand is gradual, presenting
intermediary layers of clay-sand and sand-clay sediments.

Aquifer protection: sand-1 (unconfined aquifer) and
sand-2 (confined aquifer)

The applications go beyond standard hydrogeological applicati-
ons of resistivity sounding, which commonly aim at the definition
of an aquifer's geometry and lithology. The combination of thick-
ness and resistivity into single variables, the Dar Zarrouk parame-
ters (Maillet, 1947); can be used as a base for the evaluation of
properties such as aquifer transmissivity and protection of ground
water resources (Henriet, 1975).

Aquifer transmissivity is defined in the hydrogeology, as the
product of its hydraulic conductivity for the thickness of the layer.
As the hydraulic conductivity is directly proportional to the resis-
tivity (Kelly, 1977) and the product of the resistivity for its thick-
ness, it is defined as being the Zansverse resisiance (T), on a
purely empirical basis and it can be admitted that the transmis-
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Figure 4 — VES — Example of field curve, geoelectrical model and lithology of the monitoring borehole PM-01.

sivity of an aquifer is directly proportional to its transverse resis-
tance (Henriet, 1975; Ward, 1990). Clay layer corresponds with
low resistivities and low hydraulic conductivities, and vice versa,
hence, the protective capacity of the overburden could be consi-
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dered as being proportional to the ratio of thickness to resistivity
— Jongitudinal conductance (S).

The correlation between the resistivity and the hydraulic con-
ductivity can only be considered in clean saturated sediments,
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Figure 6 — Resistivity map — first saturated layer.

whose natural fluids characteristics are considered constant. In
areas where the sediments can be contaminated, with, for ins-
tance, hydrocarbon derived, this correlation is not valid.

The Figure 7 illustrates the map of T of the sand layer-1 (un-
confined aquifer). In this map, the tendencies of high values of T
(> 400 ohm-m?) can be associated with zones of high transmis-

sivity; hence, these zones are indicated for installation of monito-
ring wells for the unconfined aquifer.

The map of longitudinal conductance (Fig. 8) illustrates the
protective capacity of the overburden layer (clay-1) on the confi-
ned aquifer (sand-2). In this illustration, values of S > 1.0 si-
emens would indicate zones in which the confined aquifer would
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Figure 9 — Potentiometric surface map — unconfined aquifer.

be protected. In comparison, values of S < 1.0 siemens would
indicate zones of probable risks of contamination.

Potentiometric-surface map

The values of the elgvation of the water table — unconfined aquifer,
determined for each VES, allowed the plan of the potentiometric
map (Fig. 9). This map, besides establishing the pattern of the un-
derground flow, allows determining the groundwater divides and
the fundamental data for the environmental studies aiding in the
installation of the monitoring wells.

It can be observed in Fig. 9, that the regional tendency of the
underground flow is towards river Sapucaia — flushed zone. In-
side of this regional tendency, there are two preferential roads of
the flow, making corridors with NW directions approximately.

Locally, variations as to this regional flow can be obser-
ved. These variations happen because of directional changes of
groundwater flow, associated with the occurrence of a superficial
clay layer.

CONCLUSIONS

The geophysical survey allowed us to obtain lithological identifi-
cation and to characterize the conditions of the underground flow
of the studied area. Two sand layers were identified; one corres-
ponding to the unconfined aquifer and another to the confined
aquifer between two clay layers. A map of the transverse unit re-
sistance illustrates the unconfined aquifer. In this map, the ten-
dencies of high values of T can be associated with the zones of
high transmissivity; hence, these zones are suggested for the ins-
tallation of monitoring wells for the unconfined aquifer. The map
of longitudinal conductance illustrates the impermeability of the
confining clay layer. Values of S > 1.0 siemens would indi-
cate zones in which the confined aquifer would be protected; in
comparison, values of S < 1.0 siemens would indicate zones
of probable risks of contamination. In the studied area it was not
identified eventual contamination plumes of hydrocarbon.
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